Background: Magnetic resonance imaging (MRI) studies have shown decreased caudate volumes in individuals with attention deficit hyperactivity disorder (ADHD). However, most of these studies have been carried out in male children. Very little research has been done in adults, and the results obtained in children are difficult to extrapolate to adults. We sought to compare the volume of the caudate of adults with ADHD with that of healthy controls; we also compared these volumes between men and women. Methods: We performed an MRI scan on 20 adults with ADHD (10 men and 10 women) aged 25-35 years and 20 healthy controls matched by age and sex. We used voxel-based morphometry with the DARTEL algorithm for image analyses. We used the specifically designed Friederichsen, Almeida, Serrano, Cortes Test (FASCT) to measure the severity of ADHD; both the self-reported (FASCT-SR) and the observer (FASCT-O) versions were used. Results: The statistical parametric map showed a smaller region with low grey matter volume and a smaller concentration of grey matter in this region of the right caudate in ADHD patients than in health controls, both in the entire sample and within each sex. There was a significant correlation between the volume of this region of the caudate with the number of DSM IV-TR criteria, as well as with the total scores and most of the factors of the FASCT-SR and FASCT-O scales. A separate correlation analysis by sex gave similar results. Limitations: The study design was cross-sectional. Conclusion: The region of the right caudate with low grey matter volume was smaller in adults with ADHD in both sexes and was correlated with ADHD severity.
Introduction
Follow-up studies have found that 5%-66% of children with attention deficit hyperactivity disorder (ADHD) continue to have this disorder into adulthood. 1 In addition, ADHD is more frequent in boys than girls. 2 As of 1990, there have been many structural magnetic resonance imaging (MRI) studies involving ADHD individuals, [3] [4] [5] but most research has focused on patients aged 9 to 15 years, and the majority (95%) of samples have included only male patients. Despite the homogeneity of the samples, there have been many contradictory findings, likely owing to differences in experimental methods, particularly those used to measure the encephalic structures. 6 Valera and colleagues 4 a meta-analysis of the data from 21 non-voxel based morphometry (VBM) studies involving patients with ADHD. 4 They concluded that the regions most frequently assessed and displaying the largest differences in ADHD individuals included the cerebellar regions, the splenium of the corpus callosum, the total and right cerebral regions and the right caudate.
However, another meta-analysis that included 7 VBM studies showed that the putamen and globus pallidus were smaller in youth (9.9-15.4 yr) with ADHD. 7 A more recent study that involved manual tracing and large-deformation diffeomorphic metric surface mapping in 47 children with ADHD and 66 healthy controls found that the putamen, caudate and globus pallidus were smaller and abnormally shaped in children with ADHD. 5 These contradictory findings stress the need for further research.
The abnormalities in the volume of the caudate nucleus and other basal ganglia 8 make sense because these regions have a role in diverse cognitive functions (e.g., language, 9 learning and memory, 10, 11 attention 12 and control of behavioural responses 13, 14 ). The results of diverse studies of the anatomic features of the caudate in ADHD patients have been contradictory. Some studies have reported that the right caudate nucleus is smaller in children with ADHD, 4, [15] [16] [17] whereas others have found that only the left caudate is smaller in ADHD individuals 5 or that there is no difference. 18 Another study found that the total volume of the caudate was smaller in individuals with ADHD but that this difference disappeared during adolescence. 19 Structural studies involving adults with ADHD are limited, despite the fact that the prevalence of adult ADHD in the general population is 4.4% 20 and only about 10% of patients with childhood ADHD achieve functional remission at 18-20 years of age. 21 These findings clearly support the presence of ADHD in adults. 20, 22, 23 There have been 4 structural MRI reports regarding morphologic abnormalities in adults with ADHD. [24] [25] [26] [27] Two studies did not report an analysis of the subcortical structures, 24, 25 and the other 2 studies 26, 27 reported that there was no difference in the volume of the caudate nucleus between adults with ADHD and healthy individuals.
It is important to mention that the latter 2 studies 26,27 used nearly identical sample populations, which suggests that too few adults with ADHD have been studied to yield definite conclusions about the structural features of this disease in adults. Additionally, to the best of our knowledge, there are no published studies investigating a correlation between the severity of ADHD and structural measures of the caudate, and there have been no straightforward comparisons between adults with ADHD and controls by sex performed in an independent fashion. Therefore, we attempted to study the structural features of adults with ADHD because, although ADHD is considered a primarily childhood disorder, it is important to acknowledge the low rate of functional remission and the few available data about the structural features of ADHD in adulthood.
Our aims were to compare the concentration of grey matter and the volume of the caudate nucleus in adults with ADHD and to compare these characteristics by sex.
Methods

Participants
We included 20 28 We included patients aged 25-35 years, and 50% were women. We included 20 healthy individuals as controls, who were matched to the ADHD patients by age, sex, body mass index (BMI) and intelligence quotient (IQ). We excluded individuals with a current or previous neurologic or psychiatric disease other than ADHD, general medical illness, an IQ less than 85 points, a history of substance abuse or dependence or stimulant treatment, or any abnormality on the MRI scan. We also excluded patients who met the DSM-IV-TR criteria for ADHD, predominantly inattentive type, and ADHD, predominantly hyperactive/impulsive type.
A certified neuroradiologist (A. After having fully explained the study to all participants, written informed consent was obtained. Certified physicians obtained a full medical history and performed a physical examination of each participant. The Institutional Review Board of the General Hospital of Querétaro, México, approved the study protocol and the informed consent document.
Clinical measures
The diagnosis of ADHD was made using the MINI-plus (Spanish version) for all participants by 2 experienced, certified psychiatrists. The kappa agreement index for the diagnosis of adult ADHD between the 2 psychiatrists was 0.85 (p < 0.001). To quantify the severity of ADHD and to correlate severity with the volumes of the brain structures, we used both versions of the Friederichsen, Almeida, Serrano, Cortes Test (FASCT):
22 the self-reported (FASCT-SR) and the observer (FASCT-O) scales. The FASCT scale was specifically developed to assess ADHD in adults.
The mother of each patient completed the FASCT-O. Although the FASCT was designed to screen and measure the severity of ADHD in adults, the agreement kappa indices for the diagnosis of ADHD between the semistructured interview (MINI-plus) and a FASCT-SR or a FASCT-O score of 23 points or greater were 0.82 and 0.88, respectively. The FASCT-SR has 3 factors: hyperactivity and deficits in memory; organization and functional impairment; and low frustration tolerance. The FASCT-O scale has 4 factors: hyperactivity and memory; organization and functional impairment; low frustration tolerance; and legal problems. More detailed information about the FASCT scale has been published elsewhere. 22 All participants were tested on the Weschler Adult Intelligence Scale, 3rd edition (WAIS-III) 29 by a certified neuropsychologist. The acquisition parameters were echo time 6.9 ms, repetition time 25 ms, flip angle 30°, acquisition matrix 230 × 230 mm, field of view 256 mm and voxel size 1.0 mm 3 . The MRI scanner was located at the Instituto de Neurobiología Universidad Nacional Autónoma de México, Campus Juriquilla Querétaro, México. There were no variations in the acquisition, such as the use of different scanners, scanner upgrade or changes in pulse sequence. No equipment calibration was done during the MRI scanning phase of the study. 
Data acquisition
Data processing
Voxel-based morphometry
30-32
The DARTEL technique was developed to analyze deformations in terms of spatial transformations by applying concepts from differential geometry (e.g., diffeomorphism and Lie algebra), which were introduced to study infinitesimal transformations. Deformations are parameterized by a flow field or slope field and are considered a member of Lie algebra, which is exponentiated to produce a deformation field, defining an objective function that is optimized locally in terms of a nonlinear extended least squares technique known as the Levenberg-Marquardt strategy. This technique is an iterative procedure that locates the minimum of a function in terms of the combination of the square of nonlinear functions. Once the objective function is built, the parameters that describe a spatial transformation between the source and reference (template) images are optimized, considering the template as a deformable probability density. 33 The DARTEL technique is superior to standard VBM because it improves registration using the Levenberg-Marquardt strategy. We used a constant Eulerian velocity framework, which allows a rapid scaling and squaring method to be used in the computations.
Because DARTEL produces a more accurate registration, it improves the sensitivity of finding differences and localizing differences between groups in the concentration of grey or white matter. This is because the images processed by DARTEL require less smoothing (full-width at half-maximum [FWHM] Gaussian kernel 8 mm instead of 12 mm, as is usually used in standard VBM), thus improving the interpretation of the results. 30, 31 We performed smoothing using a Gaussian kernel with a FWHM of 8 mm. We chose this parameter because the detection of the differences between groups would be greater, according to the study by Davatzikos and colleagues. 34 The final step was to convert these images to the Montreal Neurologic Institute (MNI) space. This was achieved by matching the grey matter component of the template with a probability map of grey matter tissue in MNI space. Afterwards, the spatial transformation that maps from MNI space to the space of the DARTEL template was combined with the deformations estimated by DARTEL for each individual.
Volume calculations
We performed a search for small volumes of interest in the global maxima of SPM5 using a sphere whose radius provided statistically significant p values at the cluster and voxel levels. With this sphere radius, a 3-D sphere mask image with a radius equal to the radius used in the small volumeof-interest search was constructed by use of the WFU PickAtlas tool (version 2.4). We used this mask to calculate the volume for each participant where SPM showed statistical differences in the concentration of grey matter between groups. The number of voxels that met the p value threshold produced a "bulb" whose size allowed us to perform a small volume search using a sphere of 10 mm for the whole sample and 5 mm for the analysis by sex. We chose these values because a greater radius exceeded the significance level and a lower one would not have covered the entire portion of the statistical difference between groups shown by the wholesample SPM analysis.
When we compared healthy and ADHD women and healthy and ADHD men, the SPM analysis showed a bulb with a smaller size than the one obtained in the wholesample analysis. Thus, the sphere radius was set at 10 mm to create the 3-D mask to calculate the volume for each participant when comparing all healthy and ADHD participants. We chose a sphere radius of 5 mm to create the 3-D mask to calculate the volume for each participant in the sex comparison. The 3-D mask was built on the MNI coordinates where SPM showed the maximum statistical difference between groups. We applied this mask to the SPM.mat file that contained the statistical information for the 40 individuals (or 20 in the case of the sex analysis). This mask was applied to each individual scan with the SPM5 extension known as "volumes toolbox," which gives the volume of the portion of grey matter of each individual where SPM showed statistical differences between groups.
Statistical analyses
We used the χ 2 test for nominal characteristic data. We used the Fisher exact test if any of the expected frequencies were less than 2 or if more than half of the expected frequencies were less than 5. For numerical data, we used a t test or the Mann-Whitney U test, according to the result of a test for normality (Kolmogorov-Smirnov, Lilliefor correction).
We calculated either Pearson (r) or Spearman (rho) coefficients (depending on the distribution of the data), and we used these coefficients to analyze the correlation between clinical measures and the volume of the portion of the caudate where SPM found statistical differences between the ADHD patients and healthy controls. All tests were 2-tailed. 35 These analyses were carried out using the Statistical Package for the Social Sciences (version 17, SPSS Inc.).
Grey matter concentration
For the whole-brain analyses, we analyzed the data using a t test for 2 samples, which was included in the SPM5 software. We selected a p value threshold of 0.001 for 20 voxels. Our intention was to find a cluster of at least 20 voxels whose concentration of grey matter had a low probability of being equal between healthy controls and ADHD patients.
Once the SPM of the whole brain was obtained, we performed a small volume search at the MNI coordinates x = 18, y = 6, z = 22 and x = 18, y = 2, z = 44 (right caudate) using a sphere with a radius of 10 mm. At the voxel level, the p values were corrected for multiple comparisons, and a familywise error (FWE) and false discovery rate (FDR) corrections were applied to the voxels that built the cluster that reached significance at the cluster-level.
To detect structural differences or similarities between healthy male or female controls and ADHD men or ADHD women, respectively, we performed a separate statistical analysis. The contrast parameters for both sexes were a p value threshold of 0.001 and a threshold of 20 contiguous voxels. For men, a small volume correction was used at MNI coordinates x = 21, y = 9, z = 18 (right caudate) using a sphere with a radius of 5 mm. For women, the small volume correction was used at MNI coordinates x = 21, y = 9, z = 18 (right caudate) using a sphere with a radius of 5 mm.
After obtaining the volume of the grey matter in each individual where SPM showed a statistical difference, we performed a 2-tailed t test for independent groups (previous normality test of Kolmogorov-Smirnov, Lilliefor correction) to compare the proportional grey-matter volume of the right caudate between healthy controls and ADHD patients. The same statistical analysis was used to compare the volume in healthy women and ADHD women and in healthy men and ADHD men. This test was 2-tailed and was done with SPSS version 17.
Results
There were no differences in demographic variables (e.g., age, sex, somatometric parameters, income level and IQ) between healthy controls and ADHD patients ( Table 1 ). All participants were right-handed Hispanic people. The ADHD patients more frequently had a history of school problems than did the healthy adults (40% v. 5%, p = 0.02). The mean number of DSM-IV-TR criteria for inattention among adults with ADHD was 7.60 (standard deviation [SD] 1.18) and 0.40 (SD 0.68) for healthy controls (Mann-Whitney U = 0.00, Z = 5.73, p < 0.001).
The mean number of hyperactivity/impulsivity criteria was 6.65 (SD 1.81) for ADHD individuals and 1.30 (SD 1.83) for healthy controls (t 38 = -9.63, p < 0.001). The mean score on the FASCT-SR scale was 34.0 (SD 6.67) points for ADHD patients and 10.85 (SD 5.81) points for healthy controls (t 38 = -11.8, p < 0.001). The mean FASCT-O score was 29.10 (SD 8.44) points for ADHD patients and 11.45 (SD 9.43) points for healthy participants (t 38 = -6.23, p < 0.001; Table 1 ).
Grey matter concentration
The results for the whole sample are shown in Figure 1 . Note that there is a statistical difference in the right caudate between groups. In both sexes, there were significant differences between ADHD patients and healthy controls in the right caudate. For the whole sample the cluster-level results at MNI coordinates x = 18 mm, y = 6 mm, z = 22 mm (right caudate) were p corr = 0.004 and expected voxels per cluster (Ke) = 147.
The 
Grey matter volume
For the whole sample, the calculated volume of the portion of the right caudate that showed a low concentration of grey matter was 580 mm 3 (SD 0.08) for healthy controls and 525 mm 3 (SD 0.05) for ADHD patients (t 38 results of the comparisons between healthy women and ADHD women are presented in Figure 3 . The ADHD men and women both had a smaller volume of the portion of the right caudate with low-concentration grey matter than their respective healthy controls.
Correlations within the whole sample population
There were significant correlations between the volume of the low-concentration grey matter portion of the right caudate and the DSM-IV-TR criteria for inattention, impulsivity and hyperactivity. The greatest value was the correlation of volume with the number of hyperactivity criteria (rho 38 = -0.51, p < 0.001). For the FASCT-SR and FASCT-O subscales, the strongest correlation was observed with the "organization problems factor"(r 38 = -0.48, p < 0.001 and r 38 = -0.38, p < 0.001; Table 2 ).
Correlations within the sexes
For men, there were significant correlations between the volume of the portion of the right caudate with a low concentration of grey matter and the DSM-IV-TR criteria for inattention, impulsivity and hyperactivity. The strongest correlation was with the number of hyperactivity criteria (r 18 = -0.72, p < 0.001). The highest correlation was observed with organization and functional impairment on the FASCT-SR and FASCT-O scales (r 18 = -0.636, p < 0.001 and r 18 = -0.452, p = 0.04, respectively; Table 3 ).
For women, the strongest correlation between the volume and the number of DSM-IV-TR criteria was for impulsivity (r 18 = -0.51, p = 0.02). The strongest FASCT scale correlations were observed for the "low tolerance to frustration factor" of FASCT-SR (r 18 = -0.63, p < 0.001) and the "hyperactivity factor" of FASCT-O (r 18 = -0.45, p = 0.04) ( Table 3 ).
Discussion
Our results show that the portion of the right caudate with a statistically lower concentration of grey matter than the surrounding tissue has a smaller volume and lower concentration of grey matter in adults with ADHD compared with healthy controls. The same results were obtained in a separate analysis by sex. The volume of this portion of the right caudate was significantly correlated with the number of criteria of the 3 ADHD clusters of the DSM-IV-TR. This volume was also associated with most of the individual factors and with total scores on the FASCT-SR and FASCT-O scales.
Studies that have compared the morphometric characteristics of the caudate in adults with ADHD 26, 27 have found no differences between healthy controls and ADHD patients. In contrast, we found significant differences. We hypothesize that these contradictory results are because of differences in the sample characteristics and methods, particularly in the measurement of the caudate nucleus. The most notable differences were in the image analysis methods used. We used VBM with DARTEL, whereas others have used a semiautomated technique.
The studies by Biederman and colleagues 27 and Siedman and colleagues 26 used the same image analysis method developed by This approach includes the selection of region of interest by the user and may produce somewhat imprecise anatomic validity. 39 However, the reliability of VBM is uncertain. Nonetheless, in a study published by Segall and colleagues, 40 the authors evaluated the consistency of the results obtained in different studies and samples. This study included 327 patients with schizophrenia and 266 healthy individuals across 13 study sites using SPM-VBM with a Gaussian kernel of 10 mm. The samples came from 2 multisite, independent studies: the Functional Biomedical Informatics Research Network and the Mind Clinical Imaging Consortium. Different makes and models of scanners were used, as were different strengths of magnetic fields (e.g., 1.5, 3 and 4 T) and different sequences and slice thicknesses (1.2, 1.5 and 1.6 mm). Despite these methodological variations, similar results were obtained across studies. The strongest similarity was observed in the rostral section of the superior temporal lobe, where the schizophrenia patients showed a smaller concentration of grey matter. 40 The extrapolation of the results from this study must be handled with caution because Segall and colleagues 40 included patients with schizophrenia, and the DARTEL algorithm was not used.
In a recent study by Peelle and colleagues, 41 MRI scans of 330 participants (18-78 yr) were analyzed using SPM5 software. Images of the grey matter were normalized to either an MNI template (the "standard" approach) or to an average template using DARTEL. Modulation and smoothing at 8 mm FWHM were done in the standard approach and the DARTEL algorithm. The images obtained with DARTEL were not as blurred as the images obtained with the standard approach. Further, registration errors were noted in the standard approach but not in the DARTEL approach. An analysis of agerelated decreases in grey matter volume showed more focal results using DARTEL than using the standard approach, where registration errors were observed on the edges of the images. 41 It is not surprising that we found a reduced volume of a portion the caudate, given that studies using diverse functional imaging techniques (e.g., positron emission tomography) have shown a malfunction in the striatum of adults with ADHD. [42] [43] [44] Considering our findings and the fact that few studies involving adult ADHD patients have been published, there is a need for additional research into the volume of the caudate nucleus in adults with ADHD.
Limitations
Given the cross-sectional design of this work, our results can only be applied to patients aged 25 to 35 years. The results obtained with the image analysis method used here must be considered with caution because any significant differences found using VBM could be explained by a number of causes, such as a real increase or decrease in the concentration of brain tissue, errors in the classification of the brain tissues or the complex folding of the brain cortex.
A critique of VBM is that it is sensitive to systematic shape differences attributable to misregistration from the spatial normalization step; 45 nevertheless, this does not imply that VBM is invalid. 46 Indeed, VBM is a completely automated method and is free of user bias. It is sensitive to differences in the local composition of brain tissue types, by means of discounting positional and other large-scale volumetric differences of the gross anatomy. Additionally, it uses probabilistic maps to achieve better segmentation. 47 Although some authors 33, 34 have examined the effect of the size of the Gaussian kernel (FWHM) on t scores when comparing 2 groups using VBM or other techniques, those results have limited applicability to this study because the parameters of registration used in VBM by Davatzikos and colleagues, 34 for example, are referred to as VBM without the use of the DARTEL algorithm. The VBM technique has some J Psychiatry Neurosci 2010;35(4) flaws and some advantages, and some issues remain unclear (e.g., the optimal kernel size and the reliability indices for the measures of VBM with the DARTEL algorithm).
Conclusion
Given the limited data about the possible anatomic abnormalities of the right caudate in adults with ADHD and our results, we suggest that additional studies with the following features should be performed: longitudinal, multimodal (e.g., structural and functional techniques) studies with a larger sample size and a broader age range, and using homogenized image analysis methods whose validity and reliability are well-known and robust. The results of this study suggest a reduction of a portion of the right caudate in adults with ADHD; this reduction is correlated with the severity of illness.
